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Abstrat
Instantaneous interations in Standard Model are derived by the resolution of the
Gauss onstraints in inertial referene frames defined as irreduible representations of the
Poinare group. The relativisti ovariant and gauge-invariant S-matrix is onstruted
with taking into aount instantaneous interations. Physial effets formed by the in-
stantaneous interations are disussed, inluding the enhanement in theK → π transition
probability and the nonleptoni and semileptoni kaon deays. The low-energy relations
between these deay probability amplitudes and meson form fators are established. Ex-
ploiting these relations we estimate possible parameters of the differential K → πe+e−
deay rate in the NA48/2 CERN experiment.
Invited talk at
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s
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1 Introdution
The instantaneous Coulomb interation in QED is well known as a fixed experimental fat.
Instantaneous interation is one of the indispensable attributes of the Dira Hamiltonian ap-
proah to QED [1, 2℄, where a variable without the anonial momentum is onverted into a
Coulomb potential. Remember that this Hamiltonian approah was used [3, 4℄ as the foun-
dation of all heuristi methods of quantization of gauge theories, inluding the Faddeev-Popov
(FP) method [5℄ and all its versions used now for desription of Standard Model of elementary
partiles.
However, a ontemporary reader ould not find instantaneous interations in the aepted
version of Standard Model (SM) of elementary partiles based on the FP method [6℄.
Why did the aepted version of SM omit instantaneous interations?
What are the fundamental priniples of foundation of instantaneous interations?
What are physial results following from the instantaneous interations omitted by the
aepted version of SM?
Responses to these questions are the topis of the present paper.
In Setion 2, we reall the Dira Hamiltonian approah to gauge theories, where the instan-
taneous interations was introdued by Dira [1℄ in agreement with the priority of quantum
priniples and experimental fats. Setion 3 is devoted to the statement of the problem of
desription of instantaneous interations in SM. In Setion 4, some experimental tests are dis-
ussed as evidenes of instantaneous interations. In Appendix A, S-matrix for bound states in
eletrodynamis is derived in terms of biloal fields. In Appendix B, the problem of the hiral
hadronization of QCD in the spirit of the non-Abelian generalization of the Dira approah to
QED is disussed.
2 Status of instantaneous interation in gauge theories
2.1 The frame-depended variational priniple
In order to explain the origin of the instantaneous interation in SM, let us onsider the Dira
approah [1℄ to QED given by the ation
SQED =
∫
d4xLQED, (1)
with Lagrangian
LQED = −1
4
[∂µAν − ∂νAµ]2 + ψ¯[i/∂ −m]ψ − Aµj µ. (2)
where /∂ = ∂µγµ, Aµ is a vetor potential, ψ is the eletron-positron field desribed by the Dira
bispinor, jµ = eψ¯γµψ is the harge urrent, and e is the eletron harge.
The ation (1) is invariant with respet to gauge transformations [7, 8℄
Aλµ = Aµ + ∂µλ, ψ
λ = e+ıeλψ, ψ¯λ = e−ıeλψ¯. (3)
Physial solutions of the system of variational equations
δSQED
δAµ
= ∂ν [∂
νAµ − ∂µAν ]− jµ = 0 (4)
2
are obtained in a speifi inertial frame of referene to initial data
1
distinguished by a unit
timelike vetor nµ (n
2
µ = 1). This vetor splits gauge field Aµ into the timelike A0 = Aµnµ and
spaelike A⊥ν = Aν − nν(Aµnµ) omponents2.
The time omponent of Eq. (4) with respet to A0 is the Gauss onstraint
∆A0 − ∂0∂kAk = −j0, (5)
where ∆ = ∂2j , j0 = eψ¯γ0ψ is the urrent. In aordane with the theory of differential
equations, the field omponents A0 annot be a degree of freedom, beause the anonial
momentum P0 = ∂L/∂(∂0A0) = 0 is equal to zero. An exat solution of Eq. (5)
A0(x0, xk) =
1
∆
[∂k Ak − j0] ≡ − 1
4π
∫
d3y
[∂k Ak(x0, yk)− j0(x0, yk)]
|~x− ~y| . (6)
is treated as the Coulomb potential field leading to the instantaneous interation. The soure of
this potential field an be only an eletri urrent j0. The linear terms ∂0∂kAk in this solution
(6) annot be onsidered as a physial soure of the Coulomb potential. Therefore, Dira [1℄
supposed to remove this term from the Gauss onstraint (5) by gauge transformations
A(rad)µ (A) = Aµ + ∂µΛ
(rad)(A), ψ(rad)(ψ,A) = eıeΛ
(rad)(A)ψ, (7)
where
Λ(rad)(A) = − 1
∆
∂k Ak ≡ 1
4π
∫
d3y
∂k Ak(x0, yk)
|x− y| . (8)
2.2 Radiation variables as Dira's gauge-invariant observables
This transformation (7) determines new variables
A
(rad)
0 (A) = A0 + ∂0Λ
(rad)(A) = A0 − ∂0 1
∆
∂k Ak, (9)
A
(rad)
l (A) = Al + ∂lΛ
(rad)(A) = Al − ∂l 1
∆
∂k Ak, (10)
ψ(rad)(ψ,A) = eıeΛ
(rad)(A)ψ. (11)
Thus, the frame-fixing Aµ = (A0, Ak), the treatment of A0 as a lassial field, and the Dira
diagonalization (7) of the Gauss law (5) [1℄ lead to variables as the funtionals that are invariant
with respet to gauge transformations (3) of the initial fields Aµ, ψ
A(rad)µ (A+ ∂λ) = A
(rad)
µ (A), ψ
(rad)(ψeieλ, A+ ∂λ) = ψ(rad)(ψ,A). (12)
1
The physial onept of a frame of referene to initial data is defined as a three-dimensional oordinate basis
with a wath and a ruler (and other physial devies) for measurement of time and distane (veloity, mass,
and other physial quantities), i.e. the initial data required for unambiguous resolving equations of motion (4).
Inertial means that this oordinate basis is onneted with a heavy physial body moving without influenes of
any external fores. Inertial frame of referene in Minkowskian spae-time is assoiated with the unit time-axis
nµ = (
1√
1−~v2
, ~v√
1−~v2
), where ~v is the veloity. The frame of referene ncfµ = (1, 0, 0, 0) with ~v = 0 is alled the
omoving frame. Transition to another inertial frame are fulfilled by a Lorentz transformation Lµνn
cf
µ = nµ. A
omplete set of inertial frames {nµ} is obtained by all Lorentz transformations of a omoving frame.
2
Reall that this speifi referene frame was hosen by Wigner [9℄, in order to onstrut irreduible repre-
sentations of the Poinare group supposing the existene of a vauum as a state with minimal energy (see in
detail [10, 11℄).
3
These funtionals were alled the dressed fields, or the radiation variables [1℄.
In terms of variables (9)  (11) the Gauss law (5) takes the diagonal form (i.e. it loses the
linear term ∂kAk)
∆A
(rad)
0 (A) = −j(rad)0 ≡ −eψ¯(rad)γ0ψ(rad) (13)
and the spatial omponents beome transversal identially
∂kA
(rad)
k (A) ≡ 0. (14)
After the substitution of a manifest resolution of the Gauss onstraint (5) into the initial
ation (1)
3
this ation an be expressed in terms of the gauge-invariant radiation variables (9)
 (11) [1, 2℄
SQED| δSQED
δA0
=0
≡ S(rad)QED = (15)
=
∫
d4x
[
1
2
(∂µA
(rad)
k )
2 + ψ¯(rad)[i/∂ −m]ψ(rad) + A(rad)k j(rad)k −
1
2
j
(rad)
0
1
△j
(rad)
0
]
.
One an see that Dira in [1℄ managed to express his Hamiltonian sheme in terms of radiation
variables (9)  (11) as funtionals from the initial fields, and these funtionals are invariant
(12) with respet to gauge transformations of the initial fields (3). In other words, one an say
that the Dira radiation variables are manifestly gauge-invariant. Therefore, the fat that the
urrent j
(rad)
µ annot satisfy the onservation onstraint
∂µj
(rad)µ 6= 0. (16)
does not ontradit the gauge-invariane of the initial ation (1) and, moreover, it allows us to
give the gauge-invariant desription of bound states, where the urrent j
(rad)
µ is not onserved.
2.3 Dira's frame depended approah versus the frame free one
Values of the redued ation (15) onto solutions of the motion equations takes the form
S
(rad)
QED | δSQED
δAk
=0
=
1
2
∫
d4xd4y
[
j
(rad)
0 (x)C00(x− y)j(rad)0 + j(rad)k (x)Tki(x− y)j(rad)i (y)
]
+
+
∫
d4xψ¯(rad)[i/∂ −m]ψ(rad), (17)
where
C00(x− y) = −δ(x0 − y0) 1
4π|~x− ~y| , (18)
Tki(x− y) = 1
(2π)4
∫
d4q
(
δki − qkqi
~q2
)
eiqν(x−y)
ν
q2µ + iǫ
. (19)
The ation (17) allows one to determine the propagator of radiation variables in the momentum
representation j(x) = (1/(2π)2)
∫
d4qe−iqνx
ν
j˜(q). One an see that the urrent part of the ation
(17) takes the form
S(rad)[j] =
1
2
∫
d4qj˜µ(q)j˜ν(q)Dγ,(rad)µν (q), (20)
3
This substitution, i.e. the alulation of value of the ation onto a solution of the Gauss onstraint, is alled
the redution proedure. This redution allows us to eliminate nonphysial pure gauge degrees of freedom [12℄.
4
where
Dγ,(rad)µν (q) = δµ0δν0
1
~q2
+ δµiδνj
(
δij − qiqj
~q2
)
1
q2µ + iε
≡ Cµν +Tµν (21)
is the propagator as the sum of the instantaneous exhange Cµν and transverse field one Tµν .
This propagator ontains two singularities: the Coulomb one C forming instantaneous
atoms (see Appendix A) and the light one ones of the transverse variables T (onsidered as
radiation orretions). This propagator an be identially rewritten as the sum of the Feynman
propagator F (that does not depend on the frame time-axis nµ) and the longitudinal L one:
Dγ,(rad)µν (q) ≡ −
δµν
q2ν + iε
+
(q0δµ0)(q0δν0)− (qiδµi)(qjδνj)
~q2[q2ν + iε]
≡ Fµν(q) + Lµν(q). (22)
It is easy to see that if the urrents j˜µ(q) satisfy the onservation onstraint
qµj˜(rad)µ = 0 (23)
in ontrast to (16), the ation (20) takes the form
S(rad)[j] =
1
2
∫
d4qj˜µ(q)Fµν(q)j˜
ν(q) ≡ −1
2
∫
d4q
j˜2µ(q)
q2ν + iǫ
. (24)
This result orresponds to the Lagrangian
LFQED = LQED −
1
2
(∂µA
µ)2, (25)
where the first term is the initial Lagrangian (2). The hange
LQED|(∂µjµ=0) ⇒ LFQED = LQED −
1
2
(∂µA
µ)2 (26)
violates gauge-invariane (in ontrast to the radiation variables) and it is known as the Feynman
gauge. A similar hange (26) is the basis of the aepted frame free formulation of SM [6℄.
Thus, in the Dira Hamiltonian approah to QED we have perturbation theory featuring
two singularities in the photon propagators (21) (the instantaneous singularity and that at
the light one), whereas the perturbation theory in the frame free gauge (26) (aepted now
to formulate SM [6℄) involves only one singularity in the propagators (that at the light one
(24)). The perturbation theory in this gauge in terms of the propagators with the light one
singularity an by no means desribe instantaneous Coulomb atoms, and it ontains only the
frame free Wik-Cutkosky bound states whose spetrum is not observed in nature [13, 14℄.
The problem of different physial results in two different gauges annot be explained by the
violation of the gauge-invariane in the Lagrangian (26). We an keep gauge-invariane of the
frame free method hoosing the Lorentz variables A
(L)
µ (A) by gauge transformations
A(L)µ (A) = Aµ + ∂µΛ
(L)(A), ψ(L)(ψ,A) = eıeΛ
(L)(A)ψ, (Λ(L)(A) = − 1

∂µ A
µ) . (27)
The gauge-invariant funtional A
(L)
µ (A) identially satisfies the Lorentz onstraint ∂µA
(L)µ ≡ 0.
5
In fat, the hange from the radiation variable (7) A(rad), ψ(rad) to the frame free Lorentz
ones (27) A(L), ψ(L)
A(rad)µ (A
(L)) = A(L)µ + ∂µΛ
(rad)(A(L)), (28)
ψ(rad)(ψ(L), A(L)) = eıeΛ
(rad)(A(L))ψ(L), (29)
where Λ(rad)(A(L)) is the Dira phase given by Eq. (8), keeps all physial results, if there remains
the Dira gauge of physial soures in terms of the new variables:
L(rad)sources = J (rad)k [A(L)k + ∂kΛ(rad)(A(L))] + η¯(rad)eıeΛ
(rad)(A(L))ψ(L) + ψ¯(L)e−ıeΛ
(rad)(A(L))η(rad)]. (30)
As a reli of the Dira fundamental quantization, the Dira phase fators eıeΛ
(rad)(A(L))
in the
soure Lagrangian (30) remember the entire body of information about the frame of referene
to initial data and the instantaneous interation. As was predited by Shwinger [16℄, all
these effets disappear, leaving no trae, if these Dira fators are removed by means of the
substitution
L(rad)sources → L(L)sources = J (L)µ A(L)µ + η¯(L)ψ(L) + ψ¯(L)η(L). (31)
This substitution (treated as another hoie of gauge of physial soures by the elimination of
the Dira phase fators) loses the instantaneous interation and instantaneous bound states.
We see that there is the strong dependene of physial results on the gauge of physial soures,
and this dependene does not mean the violation of the gauge-invariane priniple, beause
both the radiation variables (7) and the Lorentz ones (27) are gauge-invariant funtionals of
the initial fields
4
.
The region of validity of the theorem equivalene of the frame dependent method and the
frame free Lorentz gauge formulations (hanging the gauge of physial soures) is restrited by
the elementary partile sattering amplitudes [3℄.
The hange of the gauge of physial soures (31) is just the point where the frame free FP
method in the Lorentz gauge (26) loses the instantaneous interation (18) forming instantaneous
bound states (onsidered in Appendixes A and B). Moreover, the field A0 treated as a dynami
one in the the Lorentz gauge formulation (26) gives a negative ontribution to energy and it
leads to tahyon in the spetrum of the Wik-Cutkosky bound states [13, 14℄.
The standard frame free approah [6℄ to SM extending the FP method out of the region
of its validity (23) finally lost instantaneous interations. However, if we keep instantaneous
interations, the question arises about a hoie of the frame and relativisti invariane. What
do relativisti ovariant instantaneous atoms in QED mean?
2.4 Relativisti invariane: frame free versus many frames
It is interesting to trae the historial evolution of the physial onepts of relativisti invariane
and gauge invariane. Both Julian Shwinger (who rejeted all Lorentz gauge formulations
as unsuited to the role of providing the fundamental operator quantization [16℄) and Faddeev
(who aepted these formulations in [3℄) used the same argument of relativisti invariane. The
phrase Finally, the Hamiltonian formulation, in the ase of field theory, is not relativistially
4
Therefore, the assertion that the dependene of physial result on the hoie of a gauge means the violation
of the gauge-invariane priniple is not orret. The orret full name of the onept gauge is gauge of
physial soures. A hange of gauge of physial soures an lead to a hange of physial results as we have seen
above.
6
ovariant was treated in [3℄ as a defet of the frame dependent Hamiltonian formulation and
one of the arguments in favor of the Lorentz frame free gauge (without the instantaneous in-
teration). However, in aord with the theory of representations of the Poinare group the
relativisti invariane means that a omplete set of states {|ΦI >}ncf obtained by all Lorentz
transformations of a state |Φ >0 in a definite inertial frame of referene ncfµ = (1, 0, 0, 0) oin-
ides with a omplete set of states {|ΦI >}n obtained by all Lorentz transformations of this state
|Φ >0 in another frame of referene nµ = ( 1√1−~v2 , ~v√1−~v2 ) [10℄. Therefore, the frame dependene
of the Hamiltonian formulation was treated in [16℄ as neessity to prove that the algebra of
ommutation relations of gauge-invariant observables oinide with the Poinare algebra. This
proof was fulfilled by Zumino [15℄ (and Shwinger [16℄ in the ase of non-Abelian fields even in
1962) at the level of the algebra of ommutation relations of the Hamiltonian and momentum
operators with the nonloal ommutation relation i[A
(rad)
k (x), P
(rad)
j (y)] =
[
δkj − ∂k∂j△
]
δ3(x−y)
for quantum radiation variables taken to be symmetrially ordering in the Hamiltonian.
We an see that the relativisti invariane as the theory of irreduible representation of
the Poinare group does not mean the frame free formulation (27). The relativisti invariane
means that a omplete set of all physial states inludes the states obtained by all Lorentz
transformations of the omoving frame, i.e. all Lorentz transformations of the instantaneous
interations obtained in the omoving frame. Thus, there are two following possibilities to
onstrut the weak S-matrix amplitude transitions between physial states, i) the frame free
S-matrix, and ii) the many-frame S-matrix.
2.5 Many-frame relativisti S-matrix with instantaneous interations
Reall that S-matrix in QED is onstruted on the basis of the Shrodinger equation
H(rad)|Φ(x0) >= i d
dx0
|Φ(x0) >, (32)
where
H(rad) =
∫
V0
d3x H(rad)[n] =
∫
V0
d3x [H0(n) +Hins.int.(n) +Hret.int.(n)], (33)
H(rad)(n) = [P (rad)i ∂0A(rad)i + P (rad)ψ ∂0ψ(rad) − L(rad)] (34)
are the Hamiltonian and its density as a sum of free field part, instantaneous interation part,
and retarded interation one; Φ is a physial states. All these notions (spae-time, volume,
energy, lass of funtions and et.) make sense only in a definite frame of referene to initial
data distinguished by a unit time-axis nµ =
(
1√
1−~v2 ,
~v√
1−~v2
)
, where ~v is the initial veloity of
an inertial frame, ~v = 0 is alled a omoving frame (f) (see the footnote 1). The resolution of
the equation takes the form of the operator of evolution
|Φ(x0) >= T exp
{
−i
∫ x0
x0
(in)
dx0H(rad)
}
|ΦI(x0(in)) >, (35)
here |ΦI(x0(in)) > is an initial state defined in the asymptoti region, where the Hamiltonian of
retarded interation in the sum (33) an be negleted
5
, so that one an determine the energy
5
We an neglet the retarded interation provided that |x0(out) − x0(in)| ≫ E−1I,min, V 1/30 ≫ E−1I,min. This on-
dition means that all stationary solutions with zero energy EI,min → 0 annot be onsidered as perturbational.
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spetrum EI from the equation∫
d3x[H0(n) +Hins.int.(n)]|ΦI(x0(in)) >= EI |ΦI(x0(in)) > . (36)
In aord with the spetrality priniple a omplete set of eigenvalues EI (with a finite energy
density EI/V0 ≤ ∞) of a manifold of all asymptoti states with the quantum numbers I inludes
a physial vauum as a state with a minimal energy EI,min [11℄.
Notie that in the omoving frame ncfµ = (1, 0, 0, 0) the set of one-partile and two-partile
equations
6
(36) oinide with the Shwinger - Dyson equation and the Salpeter one, respetively
(see Appendix A).
The next step is the onstrution of the S-matrix elements as weak probability amplitude
transitions between the all asymptoti
7
states inluding bound states. A omplete set of these
states inludes any bound state moving with the momentum Pµ obtained the Lorentz trans-
formation of the time-axis
ncfµ = (1, 0, 0, 0) =⇒ nPµ =
Pµ√
P2 =
( P0√
P2 ,
Pk√
P2
)
. (37)
Therefore, pratially, in QED, one uses the many-frame S-matrix
S
(rad,practical)
Jout,Iin
=
〈
ΦJ(x
0
(out))
∣∣∣∣exp{−i ∫ d4xH(rad)(nˆID)}∣∣∣∣ΦI(x0(in))〉 , (38)
where the time-axis ncfµ = (1, 0, 0, 0) [16℄ is replaed by the initial datum operator nˆ
ID
µ propor-
tional to the operator of the total momentum
8
nˆIDµ |ΦJ >=
P Jµ
MJ
|ΦJ > (39)
of any physial state onsidered as a irreduible representation of the Poinare group [20, 21℄,
where this operator nˆcfµ beomes -number (see Appendix A).
Thus, instead of the aeptable frame free formulation of the Standard Model [6℄ without
instantaneous interations we suppose to use the Dira-like radiation variables with instanta-
neous interations and the many-frame S-matrix (38) where the omoving time-axis is replaed
by the initial datum operator (39)
9
.
6
Similar equations are well - known from the nonrelativisti many - body theory (Landau's theory of fermi
liquids [17℄, Random Phase Approximation [18℄) and play an essential role in the desription of elementary
exitation in atomi nulei [19℄. Their relativisti analogies desribe in QCD the Goldstone pion and the
onstituent masses of the light quarks [20, 21, 22℄ (see Appendix B).
7
The hypothesis of asymptotial states of S-matrix in QFT means that physial states are reated together
with their omoving referene frames where quantum numbers of these states are measured.
8
It is lear that at the point of the existene of the bound state with the definite total momentum PAµ any
instantaneous interation with the time-axis nµ parallel to this momentum is muh greater than any retarded
interation in the sum (33) [23℄.
9
In partiular, this definition of S-matrix (38) justifies the appliation of the axial gauge for the desription
of the deep-inelasti sattering amplitudes, where this gauge imitates the transition to the large momentum
frame [24℄.
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3 Instantaneous weak interations
3.1 Standard Model
We onsider the aepted SM without any additional terms violating gauge invariane
Lφ = 1
2
(∂µφ)
2 − λ
4
[φ2 − v2]2 − φ[fv(e¯ReL + e¯LeR) + (e¯ReL + e¯LeR)] +
+
1
8
φ2[g2W+µ W
−µ + (g2 + g′2)Z2µ] (40)
Ll = ν¯ei(γ∂)νe + g
2 cos θW
(ν¯eγ
L
µ νe)Z
µ + e¯iγµ(∂µ + ig sin θWAµ)e+
g
2 cos θW
(e¯γLµ e)Z
µ +
+g
sin2 θW
cos θW
(e¯γµe)Z
µ +
g√
2
(ν¯eW
+
µ γ
µeL + e¯LW
−
µ γ
µνe) (41)
LV = −1
4
(∂µAν − ∂νAµ)2 − 1
4
(∂µZν − ∂νZµ)2 − 1
2
[DµW
+
ν −DνW+µ ]2 (42)
− ie(∂µAν − ∂νAµ)W+µW−ν − g2 cos2 θW [Z2ν (W+µ W−µ)− (W+µ Zµ)(W−ν Zν)] +
+ ig cosW θ(∂µZν−∂νZµ)W+µW−ν+1
2
ig cosW θ[(DµW
+
ν−DνW+µ )(W−µZν−W−νZµ)− c.c.],
where V Kµ = (Aµ, Zµ,W
+
µ ,W
−
µ ) are the standard set of vetor fields, and with the Higgs effet
of spontaneous symmetry breaking
φ = η + v, v2 =
m2η
2λ
, (43)
where η is the Higgs field with the mass mη.
First of all, we an see that this ation (42) is bilinear with respet to the time omponents
of the vetor fields V K0 = (A0, Z0,W
+
0 ,W
−
0 ) in the omoving frame n
cf
µ = (1, 0, 0, 0)
SV =
∫
d4x
[
1
2
V K0 Lˆ
KI
00 V
I
0 + V
K
0 J
K + ...
]
, (44)
where LˆKI00 is the matrix of differential operators. Therefore, the Dira approah to SM an
be realized. This means that the problems of the redution and diagonalization of the set of
the Gauss laws are solvable, and the Poinare algebra of gauge-invariant observables an be
proved.
In any ase, SM in the lowest order of perturbation theory is redued to the sum of the
Abelian massive vetor fields, where Dira's radiation variables was onsidered in [25℄.
3.2 The redution of the Abelian massive vetor theory
The lassial ation of massive QED is
W =
∫
d4xL(x) =
∫
d4x
[
−1
4
FµνF
µν +
1
2
M2V 2µ + Ψ¯(i/∂ −m)Ψ− VµJµ
]
, (45)
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with the Lagrangian L(x) and the urrents Jµ ≡ eΨ¯γµΨ. The Euler-Lagrange equation for V0
is a onstraint
δW
δV0
= 0 ↔ (△−M2)V0 = −∂iV˙i + J0 , (46)
It has the solution
V0[~V , J0] =
1
△−M2 (−∂iV˙i + J0) . (47)
Inserting this into W we obtain the redued Wred
Wred[~V ,Ψ] =
∫
d4xLred ≡
∫
d4x
(LVred + LΨred) , (48)
where
LVred =
1
2
(
V˙iRijV˙j + Vi(△−M2)RijVj
)
,
LΨred =
1
2
J0
1
△−M2J0 + J0
(
1
△−M2∂iV˙i
)
+ ViJi + Ψ¯(i 6∂ −m)Ψ , (49)
are the redued Lagrangians with the operator
Rij ≡ δij − ∂i∂j△−M2 = δ
T
ij −
M2
△−M2 δ
||
ij (50)
where we have used the longitudinal and transverse projetion operators
δ
||
ij ≡
∂i∂j
△ , δ
T
ij ≡ δij − δ||ij . (51)
In ontrast to the massless ase, Rij is not a projetion operator, R
2 6= R, but
RijRjl = Ril +
M2∂i∂l
(△−M2)2 (52)
and Rij is invertible
R−1ij = δ
T
ij −
△−M2
M2
δ
||
ij = δij −
∂i∂j
M2
. (53)
In the massless limit however the redution operator beomes the transverse projetion operator
for photons and eases to be invertible.
The seond term in LΨred (49) an be eliminated (in order to diagonalize the Gauss law) by
introduing the new radiation (R) variables
V Rj =
(
δij − ∂i∂j△−M2
)
Vj = RijVj (54)
ΨR ≡ exp
(
ie
1
△−M2∂iVi
)
Ψ (55)
whih generalizes the Dira radiation variables in QED (10) and (11). Sine (55) is only a
phase transformation, the orresponding urrent Jµ stays the same and LΨred beomes
LΨred =
1
2
J0
1
△−M2J0 + Ji
(
δij − ∂i∂j△−M2
)
Vj + Ψ¯
R(i/∂ −m)ΨR. (56)
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Using the radiation variables V Rk = RkjVj with Rij given by (50) the redued Lagrangian an
be written
Lred = 1
2
(
V˙ Ri R
−1
ij V˙
R
j + V
R
i (△−M2)R−1ij V Rj
)
+ Ψ¯R(i/∂ −m)ΨR + JiV Ri +
1
2
J0
1
△−M2J0.(57)
Thus, the frame-fixing Aµ = (A0, Ak), the treatment of A0 as a lassial field, and the Dira-like
diagonalization of the Gauss law (46) (i.e. eliminating the linear field ontribution ∂iV˙i) lead
to radiation variables (54) and (55) that annot be assoiated with any gauge onstraint, in
the ase of the massive fields [25℄.
3.3 Dira's frame dependent approah versus the frame free one
The Fourier transform of the redution operator Rij∑
λ
ǫ
P (λ)
i (~q)ǫ
P (λ)
j (~q) = Rik(q)
(
δkl +
qkql
M2
)
Rlj(k) = Rij(q) = δkl − qkql
~q2 +M2
. (58)
leads to the free propagator
DRij(x− y) = 〈0|TV Ri (~x, x0)V Rj (~y, y0)|0〉
= −i
∫
d4q
(2π)4
e−iq·(x−y)
q2 −M2 + iǫ
(
δkl − qkql
~q2 +M2
)
. (59)
Together with the instantaneous interation (see the last term in the redued Lagrangian (57))
this leads to the following urrent-urrent interation
DRµν(q)J
µJν = J0
1
~q2 +M2
J0 + JiJj
(
δij − qiqj
~q2 +M2
)
1
q2 −M2 . (60)
It is the generalization of the omplete radiation photon propagator (21) in QED. The propa-
gator (60) ontains the instantaneous part as a analogue of the Coulomb instantaneous one in
the propagator (21).
As it was shown in [25℄, the Lorentz transformations of lassial radiation variables oinide
with the quantum ones and they both (quantum and lassial) orrespond to the transition
to another Lorentz referene frame distinguished by another time-axis, where the relativisti
ovariant propagator takes the form
DRµν(q|n) =
nµnν
M2W + |q⊥2|
−
(
δ⊥µν −
q⊥µ q
⊥
ν
M2W + |q⊥2|
)
1
q2 −M2W + iǫ
(61)
with q⊥µ = qµ − nµ(qn), δ⊥µν = δµν − nµnν . Therefore, we shall use the radiation propagator
(61), where nµ is treated as the initial datum operator (39), instead of the onventional frame
free massive vetor propagator [6℄
JµDFµν(q)J
ν = − 1
q2 −M2J
µ
(
gµν − qµqν
M2
)
Jν (62)
In ontrast to this onventional frame free massive vetor propagator the radiation propagator
(60) is regular in the limit M → 0 and is well behaved for large momenta.
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For a better omparison with the onventional ovariant propagator (62) we rewrite the
propagator (60) in the alternative form
DRµν(q)J
µJν = − 1
q2 −M2
(
J2ν +
(Jiqi)
2 − (J0q0)2
(~q2 +M2)
)
. (63)
Hene we see that for massive QED, where the vetor field is oupled to a onserved urrent
(qµJ
µ = 0), we find that the effetive urrent-urrent interations mediated by the propagator
of the radiation fields (60) and by the onventional frame free propagator (62) oinide
JµDRµνJ
ν = JµDFµνJ
ν . (64)
If the urrent is not onserved J0q0 6= Jkqk, the radiation field variables with the propagator
(60) (or (61)) is inequivalent to the frame free variables with the propagator (62) beause
different variables orresponds to different gauges of physial soures.
In the next Setion, we show the dependene of physial results on gauge of physial soures.
4 Observational tests
4.1 Chiral Bosonization of EW Interation
In order to illustrate the inequivalene of Dira's method (57) and the frame free one [6℄, we
an onsider the K → π transition amplitude and the kaon deays, where the dominane of
the instantaneous interations was reently predited [26℄. Reall that the observation of kaon
weak deays has been ruial for the modern theory of partile physis [27℄.
It was aepted to desribe weak deays in the framework of eletroweak (EW) theory at
the quark QCD level inluding urrent vetor boson weak interations [28, 29℄
L(J) = −(J−µ W+µ + J+µ W−µ ) = −
e
2
√
2 sin θW
(J−µW
+
µ + J
+
µW
−
µ ), (65)
where J+µ = d¯
′γµ(1− γ5)u; d¯′ = d cos θC + s sin θC , θC is a Cabbibo angle sin θC = 0.223.
However, a onsistent theory at large distanes of QCD is not yet onstruted up to now.
Therefore, now the most effetive method of analysis of kaon deay physis [30, 31, 32, 33℄
is the hiral perturbation theory [34, 35℄ (the list of arguments in favor of this perturbation
theory is given in Appendix B).
The quark ontent of π+ and K+ mesons π+ = (d¯, u), K+ = (s¯, u), K
0
= (s¯, d) leads to the
effetive hiral hadron urrents J±µ in the Lagrangian (65)
J±µ = [J
1
µ±iJ2µ] cos θC + [J4µ±iJ5µ] sin θC , (66)
where using the Gell-Mann matrixes λk one an define the meson urrent as [34℄
i
∑
λkJkµ = iλ
k(V kµ −Akµ)k = F 2πeiξ∂µe−iξ, (67)
ξ = F−1π
8∑
k=1
Mkλk = F−1π

π0 +
η√
3
π+
√
2 K+
√
2
π−
√
2 −π0 + η√
3
K0
√
2
K−
√
2 K
0√
2 − 2η√
3
 . (68)
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(a)
K+(k) W+(k) π+(k)
(b)
K+(k)
π0(k + l)
W+(−l) π+(k)
Figure 1: Axial (a) and vetor (b) urrent ontribution into K+ → π+ transition
In the first orders in mesons one an write
V −µ =
√
2 [ sin θC (K
−∂µπ0 − π0∂µK−) + cos θC (π−∂µπ0 − π0∂µπ−) ] + ... (69)
and
A−µ =
√
2Fπ (∂
µK− sin θC + ∂µπ− cos θC) + ...; (70)
here Fπ ≃ 92 MeV. The right form of hiral Lagrangian of the eletromagneti interation of
mesons an be onstruted by the ovariant derivative ∂µχ
± → Dµχ± ≡ (∂µ ± ieAµ)χ±, where
χ± = K±, π±.
We suppose also that the quark ontent of the mesons determines hadronization of QCD
[20, 21℄ onserving its hiral and gauge symmetries.
4.2 K → π Transition Amplitude and the Rule ∆T = 1
2
Let us onsider the K+ → π+ transition amplitude
< π+| − i
∫
dx4dy4Jµ(x)DWµν(x− y)Jν(y)|K+ >= i(2π)4δ4(k − p)GEWΣ(k2), (71)
in the first order of the EW perturbation theory in the Fermi oupling onstant
GEW =
sin θC cos θC
8M2W
e2
sin2 θW
≡ sin θC cos θCGF√
2
, (72)
omparing two different W-boson field propagators, the radiation (R) propagator (61)
DWµν(q) → DRµν(q|n) =
nµnν
M2W + |q⊥2|
−
(
δ⊥µν −
q⊥µ q
⊥
ν
M2W + |q⊥2|
)
1
q2 −M2W + iǫ
, (73)
where q⊥µ = qµ − nµ(qn), δ⊥µν = δµν − nµnν in the frame nµ = kµ/
√
k2µ, and the frame free (F)
propagator (62)
DWµν(q) → DFµν(q) = −
1
q2 −M2W
(
gµν − qµqν
M2W
)
. (74)
These propagators give the expressions orresponding to the diagrams in Fig 1
Σ(k2) → ΣR(k2) = 2F 2πkµDRµν(k|n)kν + 2i
∫
d4q
(2π)4
(2kµ + qµ)D
R
µν(−q|n)(2kν + qν)
(k + q)2 −m2π + iǫ
, (75)
Σ(k2) → ΣF (k2) = 2F 2πkµDFµν(k)kν + 2i
∫
d4q
(2π)4
(2kµ + qµ)D
F
µν(−q)(2kν + qν)
(k + q)2 −m2π + iǫ
= (76)
= 2k2µ
F 2π
M2W
+
∫
d4q
(2π)4
(2kµ + qµ)(2kν + qν)
(M2W − q2 − iǫ)[(k + q)2 −m2π + iǫ]
[
δµν − q
µqν
M2W
]
. (77)
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Both versions R and F oinide in the ase of the axial ontribution orresponding to the first
diagram in Fig. 1 and both they redue to the instantaneous interation ontribution, beause
kµkνDFµν(k) ≡ kµkνDRµν(k|n) =
k2
M2W
.
However, in the ase of the vetor ontribution orresponding to the seond diagram in Fig. 1
the radiation version differs from the frame free one (77)
10
.
In ontrast to the frame free version (77), two radiation variable diagrams shown in Fig. 1
in the frame nµ ∼ kµ = (k0, 0, 0, 0) are redued to the instantaneous interation ontribution
i(2π)4δ4(k − p)GEWΣR(k2) =< π+| − i
∫
dx4J0(x)
1
△−M2W
J0(x)|K+ > (78)
with the normal ordering of the pion fields, so that
ΣR(k2) = 2k2µ
[
F 2π
M2W
+
1
(2π)3
∫
d3l
2Eπ(~l)
1
M2W +
~l2
]
; (79)
here Eπ(~l) =
√
m2π +
~l2 is the energy of π-meson. The redution of the radiation variable
loop diagrams to the instantaneous interation ones demonstrates that the radiation variables
allow to separate the low-energy region from the high-energy one. This separation justifies
the appliation of the low-energy hiral perturbation theory [36℄, where the summation of the
hiral series an be onsidered here as the meson form fators [30, 32, 33℄. Finally, the radiation
variables (75) and (78) give the result
ΣR(k2) = 2k2µ
[
F 2π
M2W
+
1
(2π)3
∫
d3l
2Eπ(~l)
fKπW (−~l2)fππW (−~l2)
M2W +
~l2
]
≡ 2k2µ
F 2π
M2W
g8; (80)
here fVKπW (−~l2) and fVππW (−~l2) are the weak vetor form fators introdued in the hiral per-
turbation theory [36℄ as the natural regularization of the low-energy meson instantaneous in-
terations by the next orders, and
g8 = 1 +
M2W
(2π)2F 2π
∫
d|~l| ~l2
Eπ(~l)
fVKπW (
~−l2)fVππW (−~l2)
M2W +
~l2
, (81)
is the parameter of the enhanement of the probability of the axial K+ → π+ transition. The
relation (81), where g8 = 5.1 [31, 37℄, an be onsidered as the low-energy sum rule for meson
form fators [38℄ in the spae-like region.
This result shows that the instantaneous vetor interation an inrease the axial interation
K+ → π+ transition in g8 times and give a new term desribing the K0 → π0 transition
proportional to g8 − 1.
Using the ovariant perturbation theory [39℄ developed as the series Jkµ(γ ⊕ ξ) = Jkµ(ξ) +
F 2π∂µγ
k + γifijkJ
j
µ(ξ) + O(γ
2) with respet to quantum fields γ added to ξ as the produt
10
The Faddeev equivalene theorem [3℄ is not valid, beause the vetor urrent Jµ = K∂µπ− π∂µK beomes
the vertex Γµ = K∂µDπ−Dπ∂µK, where one of fields is replaed by its propagator Dπ = δ(x), and ∂µΓµ 6= 0.
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(a)
K+(k) π+(k) π+(p)W+(k)
γ∗(q) (b)
K+(k) W+(p) π+(p)K+(p)
γ∗(q)
(c)
K+(k) W+(k) π+(p)
γ∗(q) (d)
K+(k) W+(p) π+(p)
γ∗(q)
Figure 2: Axial urrent ontribution
eiγeiξ ≡ ei(γ⊕ξ) [39℄, one an see that the normal ordering N(~x − ~y) =< 0|γi(x)γi′(y)|0 >=
δii
′
∫
d3lei
~l·(~x−~y)/(2Eπ(~l)) in the produt of the urrents an lead to an effetive Lagrangian∫
d3z
N(~z)e−MW |~z|
4π|~z| J
j
µ(ξ(x))J
j′
µ (ξ(z + x))[(fij1 + ifij2)(fij′4 − ifij′5) + h.c] < 0|γi(x)γi
′
(y)|0 > .
In the limit MW → ∞, one an neglet the dependene of the urrent on ~z, and we get the
effetive Lagrangians [40℄
L(∆T= 1
2
) =
GF√
2
g8 cos θC sin θC
[
(J1µ + iJ
2
µ)(J
4
µ − iJ5µ)− (J3µ +
1√
3
J8µ)(J
6
µ − iJ7µ) + h.c.
]
, (82)
L(∆T= 3
2
) =
GF√
2
cos θC sin θC
[
(J3µ +
1√
3
J8µ)(J
6
µ − iJ7µ) + h.c.
]
. (83)
This Lagrangian at the level of the tree diagrams desribes the nonleptoni deays in satisfatory
agreement with experimental data within the auray 20÷ 30% [34, 40℄.
4.3 The K+ → π+ + l + l¯ amplitude
The result of alulation of the axial ontributions to the amplitude of the proess K+ →
π+ + l + l¯ within the framework of hiral Lagrangian (65), (66) inluding phenomenologial
meson form fators shown in Fig. 2 as a fat dot takes the form
TAA(K+→π+l+l−) = 2eGEWLνD
γ(rad)
µν (q)(kµ + pµ) t
AA(q2, k2, p2), (84)
where GEW is the onstant (72), Lµ = l¯γµl is leptoni urrent,
tAA(q2, k2, p2) = F 2π
[
fVπ (q
2)k2
m2π − k2 − iǫ
+
fVK (q
2)p2
M2K − p2 − iǫ
+
fAK(q
2) + fAπ (q
2)
2
]
, (85)
and f
(A,V )
π,K (q
2) are meson form fators. In this expression the propagator DRµν(p|n) given by Eq.
(61) keeps only the ovariant instantaneous part
pµpν
p2M2W
.
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(a)
K+(k) π+(k)
π0(k + l)
π+(p)W+(−l)
γ∗(q) (b)
K+(k)
π0(p+ l)
W+(−l) π+(p)K+(p)
γ∗(q)
(c)
K+(k)
π0(k + l)
W+(−l) π+(p)
γ∗(q) (d)
K+(k)
π0(p+ l)
W+(−l) π+(p)
γ∗(q)
Figure 3: Vetor urrent ontribution
On the mass-shell the sum (85) takes the form
tAA(q2,M2K , m
2
π) = (86)
= t(q2) = F 2π
[
fAK(q
2) + fAπ (q
2)
2
− fVπ (q2) + [fVK (q2)− fVπ (q2)]
m2π
M2K −m2π
]
.
As an be seen in [30, 31℄, the amplitude for K+ → π+ + l + l¯ vanishes at the tree level,
where form fators are equal to unit t(q2)|fV =fA=1 = 0. It is well known that these form fators
in the limit q2 → 0 take the form fA,Vπ,K (q2) = 1− q
2
6
< r2 >
(A,V )
π,K , where < r
2 >
(A,V )
π,K are the axial
and vetor mean square radii of mesons, respetively, in agreement with the hiral perturbation
theory [30, 34, 36℄.
The result of alulation of vetor ontributions to the amplitude of the proess K+ →
π+ + l + l¯ within the framework of hiral Lagrangian (65), (12) inluding phenomenologial
meson form fators shown in Fig. 3 as a fat dot takes the form
T
V V (rad)
(K+→π+l+l−) = 2eGEWLνD
γ(rad)
µν (q)(kµ + pµ) t
V V (q2, k2, p2), (87)
where we use the propagator (61) in the initial datum frame (39)
tV V (q2, k2, p2) =
1
2(2π)2
∫
d|~l| ~l2
Eπ(~l)
{
fVKπW (
~l2)fVππW (
~l2)
[
fVπ (q
2)k2
m2π − k2 − iǫ
+
+
fVK (q
2)p2
M2K − p2 − iǫ
]
+
fAπ (q
2)fVKπW (
~l2)fVππWγ(
~l2) + fAK(q
2)fVππW (
~l2)fVKπWγ(
~l2)
2
}
;
here fVππWγ(
~l2), fVKπWγ(
~l2) are the four partile interation form fators whih should oinide
with the three partile interation form fators fVππWγ = f
V
ππW , f
V
KπWγ = f
V
KπW in aordane
with the gauge invariane of the strong interations.
Using the result (81) one an write on the mass shell k2 = M2K , p
2 = m2π:
tV V (q2,M2K , m
2
π) = (g8 − 1)t(q2), (88)
tAA(q2,M2K , m
2
π) + t
V V (q2,M2K , m
2
π) = g8 t(q
2), (89)
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where g8, t(q
2) are given by Eqs. (81) and (86), respetively.
Finally, the result of alulation of axial and vetor ontributions to the amplitude of
the proess K+ → π+ + l + l¯ within the framework of hiral Lagrangian (66),(69) inluding
phenomenologial meson form fators takes the form
T
(rad)
(K+→π+l+l−) = 2eg8GEWLνD
γ(rad)
µν (q)(kµ + pµ) t(q
2). (90)
This amplitude leads to the total deay rate for the transition K+ → π+e+e−
Γ(K+→π+e+e−)((MK −mπ)2) = Γe+e−
(MK−mpi)2∫
4m2e
dq2
M2K
ρ(q2)F (q2), (91)
where
Γe+e− =
(s1c1c3)
2g28G
2
F
(4π)4
α2M5K
24π
|g8=5.1 = 1.37× 10−22GeV, (92)
F (q2) =
[
(4π)2t(q2)
q2
]2
=
=
[
(4πFπ)
2
q2
]2 [
fAK(q
2) + fAπ (q
2)
2
− fVπ (q2) + [fVK (q2)− fVπ (q2)]
m2π
M2K −m2π
,
]2
(93)
and
ρ(q2) =
(
1− 4m
2
l
q2
)1/2
×
(
1 +
2m2l
q2
)
λ3/2(1, q2/M2K , m
2
π/M
2
K);
here λ(a, b, c) = a2 + b2 + c2 − 2(ab + bc + ca), s1c1c3 is the produt of Cabibbo-Kobayashi-
Maskawa matrix elements VudVus.
The mehanism of enhanement |∆T | = 1
2
onsidered in this paper an be generalized to a
desription of other proesses inluding K+ → π+νν¯ by replaing the γ-propagator by the Z-
boson one, so that we have the relations[
q2
(4πFπ)2
]2
M2K
ρ(q2)Γe+e−
dΓ(K+→π+e+e−)(q2)
dq2
=
=
[
M2Z
(4πFπ)2
]2
M2K
ρ(q2)Γνν¯
dΓ(K+→π+νν¯)(q2)
dq2
=
=
[
fAK(q
2)+fAπ (q
2)
2
− fVπ (q2) + [fVK (q2)− fVπ (q2)]
m2π
M2K −m2π
]2
. (94)
Thus, exploiting the instantaneous weak interation mehanism of enhanement in the K → π
transition probability and QCD symmetry we derive the sum rule of EW vetor meson form
fators given by Eqs. (81), (86), (91) and their relation to the differential K → πe+e− deay
rate (94).
17
4.4 The form fator probe of the differential K → πe+e− deay rate
The estimation of the meson loop ontribution was made in [31℄ where a funtion φˆ2(q2) was
used instead of the form fator rate F (q2) (93)
F (q2) =⇒ φˆ2(q2)
It was shown that the values g8 = 5.1, φˆ(0) = 1 gave the total deay rate Γ(K+→π+e+e−) =
1.91 × 10−23 GeV in the satisfatory agreement with the experimental data Γ(K+→π+e+e−) =
1.44± 0.27× 10−23 GeV [37, 41℄. However, the main ontribution goes from the baryon loops
[30, 32, 33℄. Therefore, we disuss here the value of the differential K → πe+e− deay rate (93)
in the hiral perturbation theory [34, 36℄ where both the pion loop ontribution Ππ and baryon
ones lead to the meson form fators and resonanes [30, 36℄ in the Pade-type approximation
fVπ (q
2) = 1 +M−2ρ q
2 + α0Ππ(q
2) + ... ≃ 1
1−M−2ρ q2 − α0Ππ(q2)
(95)
fAπ (q
2) ≃ fAK(q2) = 1 +M−2a q2 + ... ≃
1
1−M−2a q2
(96)
where
α0 =
m2π
(4πFπ)2
4
3
≃ 2
103
, (97)
Ππ(t) = (1− t¯)
(
1
t¯
− 1
)1/2
arctan
(
t¯1/2
(1− t¯)1/2
)
− 1; 0 < t < (2mπ)2 (98)
Ππ(t) =
t¯− 1
2
(
1− 1
t¯
)1/2{
iπ − log t¯
1/2 + (t¯− 1)1/2
t¯1/2 − (t¯− 1)1/2
}
+ 1; (2mπ)
2 < t (99)
is the pion loop ontribution [34, 36℄, and Mρ = 771 MeV and Ma = 980 MeV are the values
of resonane masses [37℄ that an be determined by the baryon loops [30, 32, 33, 36℄.
The onstant approximation of the type of [31℄
F (q2 = 0) = F (0) = (4πFπ)
4 [f
A
π (q
2)− fVπ (q2)]2
(q2)2
|q2=0 = (4πFπ)4[M−2ρ −M−2a ]2 = 0.74 (100)
orresponds to the value of Γ(K+→π+e+e−) = 1.41 × 10−23 GeV in satisfatory agreement with
the experimental data Γ(K+→π+e+e−) = 1.44± 0.27× 10−23 GeV [37, 41℄.
The form fators (95) and (96) below the two partile threshold q2 < 4m2π determines the
differential rate F (q2) as a funtion of q2
F (q2) =
F (0)
[1−M−2ρ q2]2[1−M−2a q2]2
−→ d
dq2
logF (q2)|q2=0 ≃ 2[M−2ρ +M−2a ] ≃ 5GeV−2
(101)
At the region above the two partile threshold 4m2π < q
2 < (MK −mπ)2 there is a jump of the
differential rate F (q2) at the level of 5÷ 10 %
F (q2) = (4πFπ)
4
[M−2ρ −M−2a ]2 + α20π2(q2 − 4m2π)/(4q6)
[1−M−2ρ q2]2[1−M−2a q2]2
(102)
These results (100), (101), and (102) are arguments that the detailed investigation of the
differential K → πe+e− deay rate in the NA48/2 CERN experiment an give us information
about the meson form fators. To make muh more realisti analysis, we have to use the
unitary and analyti model for meson form fators [38℄ desribing very well all experimental
data.
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5 Conlusion
The instantaneous interations are inevitable onsequene of the Dira approah to gauge
theories. Reall that Dira eliminated all fields with zero momenta (and possible negative
ontributions into the energy of the system) by resolution of the Gauss onstraint and its diag-
onalization, in order to have a physial vauum as a state with minimal energy in a omoving
inertial frame.
This elimination unambiguously leads to the radiation variables assoiated in QED with
the Coulomb gauge onstraint. However, in SM, the radiation variables of the massive vetor
bosons do not orrespond to any whatsoever gauge onstraint. The transition from the radia-
tion variables with the instantaneous interations to a frame free formulation [6℄ without the
instantaneous interations is fulfilled by gauge of physial soures. The hange of the gauge
of physial soures is just the point where the aepted frame free methods [6℄ lose all instan-
taneous interations together with their physial effets, inluding the instantaneous bound
states. The strong dependene of physial results on the gauge of physial soures does not
mean the violation of the gauge-invariane priniple. This means that frame free method has
a region of validity restrited by the initial datum free proesses of the type of the elementary
partiles sattering ones [3℄, as it follows from the physial meaning of the onept of the frame
revealed by its full name frame of referene to initial data.
In order to keep relativisti invariane of S-matrix elements between the instantaneous
bound states, the instantaneous interations are determined in an arbitrary frame, where its
time-axis is treated as the operator of initial data ating in the omplete set of the all asymp-
toti physial states inluding the bound states onsidered as irreduible representations of the
Poinare group [9℄.
In the paper, we ompare this Dira operator approah to SM with the aeptable frame
free method [6℄ using as example the K+ → π+ transition and the semileptoni and nonleptoni
kaon deay probability amplitudes. This omparison shows us that the Dira approah to SM
separates the low-energy ontributions from the high-energy ones and expresses these ampli-
tudes in terms of the hadron eletroweak form fators. Therefore, the obtained amplitudes
allow to extrat information about form fators of π and K mesons from the K+ → π+ transi-
tion in the K+ → π+e+e−(µ+µ−, νν¯) and K+π− → e+e−(µ+µ−, νν¯) proesses. The parameters
of the differential K → πe+e− deay rate in the NA48/2 CERN experiment were estimated in
the hiral perturbation theory.
These results show that the Dira formulation of Standard Model an reveal new physial
effets in omparison with the frame free formulation [6℄ used now for desribing observational
data. Therefore, the problem of the Dira formulation of SM beomes topial in the light of
future preision experiments.
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Appendix A: S-matrix for bound states in eletrodynamis
A.1. Spetral problem
Let us keep in the QED ation only the instantaneous interation (18) negleting radiation orre-
tions
S
(rad)
QED [ψ, ψ¯]=
∫
d4x[ψ¯(x)(i/∂ −m)ψ(x) + 1
2
∫
d4y(ψ(y)ψ¯(x))K(x, y | n)(ψ(x)ψ¯(y))]; (A.1)
here
K(x, y | n) = /ncfV (z⊥)δ(z · ncf)/ncf , (/n = nµγµ = γ · n) (A.2)
is the instantaneous kernel depending on the relative oordinates z = x − y and V (z⊥) = − e
2
4π|z⊥|
depends on the transverse omponents z⊥µ = zµ − ncfµ (z · ncf) of the relative oordinate with respet to
the time axis ncfµ = (1, 0, 0, 0).
It seems that a most straightforward way for onstruting S-matrix of bound states in gauge theories
is the redefinition of ation (A.1) in terms of biloal fields by means of the Legendre transformation
[42℄ of the urrent  urrent interation with a kernel K(x, y|n)
1
2
∫
d4xd4y(ψ(y)ψ¯(x))K(x, y|n)(ψ(x)ψ¯(y)) = (A.3)
= − 1
2
∫
d4xd4yM(x, y)K−1(x, y|n)M(x, y) +
∫
d4xd4y(ψ(x)ψ¯(y))M(x, y).
and the Gauss funtional integral over the biloal fields in the generating funtional
Z[η(rad),η¯(rad)]=
∫
DMDψDψ¯ exp
{
(ψψ¯, (−G−10 +M))−
1
2
(M,K−1M) + i(ψ¯η(rad))+(η¯(rad)ψ)
}
; (A.4)
here we used the short - hand notation∫
d4xd4yψ(y)ψ¯(x)(i/∂ −m0)δ(4)(x− y) = (ψψ¯,−G−10 ) , (A.5)∫
d4xd4y(ψ(x)ψ¯(y))M(x, y) = (ψψ¯,M). (A.6)
The integration over the fermi fields ψ, ψ¯ in (A.4) leads to the generating funtional
ZFP [η
(rad), η¯(rad)] =
∫
DM exp
{
iWeff [M] + (η¯(rad)η(rad), (−G−10 +M)−1)
}
(A.7)
with the effetive ation [42℄
Weff [M] = −1
2
(M,K−1M) + iT r log(−G−10 +M). (A.8)
The first step to the quantization of the effetive ation is the determination of its minimum
δWeff (M)
δM ≡ −K
−1M+ i
G−10 −M
|M=Σ = 0 (A.9)
known as the Shwinger  Dyson equation of the fermion Green funtion
GΣ(q) =
1
/q −m0 − Σ(q⊥) , (A.10)
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we denote the orresponding lassial solution for the biloal field by Σ(z) =
∫
d4qΣ(q⊥)eiq·z)δ(z · n).
The next step is the expansion of the effetive ation around the point of minimum M = Σ+ M˜,
Weff (Σ + M˜) = W (2)eff +Wint; (A.11)
W
(2)
eff (M˜) = WQ(Σ) +
[
−1
2
(M˜,K−1M˜
)
+
i
2
(
GΣM˜)2
]
; (A.12)
Wint =
∞∑
n=3
W (n) = i
∞∑
n=3
1
n
(GΣM˜)n, (GΣ = (G−10 − Σ)−1), (A.13)
where the small flutuations of the biloal field M˜(x, y) = M˜(z = x−y|X = (x+y)/2) in the effetive
ation (A.11) an be presented as the series of a omplete set of the solutions Γ of the lassial equation
(known as the Bethe  Salpeter one)
δ2Weff (Σ + M˜)
δM˜2
|M˜=0 · Γ = 0 (A.14)
with a set of quantum numbers (A) inluding masses MA =
√
P2µ and energies ωA =
√
~P2 +M2A. In
the momentum representation this series takes the form
M˜(z|X) =
∑
A
∫
d3 ~P
(2π)3/2
√
2ωA
d4q eiz·q
(2π)4
{eiP·XΓA(q⊥|P)a+A(P) + e−iP·X Γ¯A(q⊥| − P)a−A(P)}, (A.15)
where M˜(z|X) ∼ δ(z · n) and a+A, a−A′ are the bound state reation and annihilation operators that
obey the ommutation relations[
a−A′( ~P ′), a+A(~P)
]
= δA′Aδ
3( ~P ′ − P) ,
[
a±A(P), a±A′ (P ′)
]
= 0 . (A.16)
In the momentum representation Γ(k⊥,P), Eq. (A.14) takes the form
Γ(k⊥,P) = i
∫
d4q
(2π)4
V (k⊥ − q⊥)/n
[
GΣa(q + P/2)Γ(q⊥,P)GΣb(q − P/2)
]
/n, (A.17)
where GΣa, GΣb are the fermion propagators of the two partiles (a) and (b). Solutions of equation
(A.14) satisfy the normalization ondition [14℄
i
d
dP0
∫
d4q
(2π)4
tr
[
GΣ(q −
P
2
)Γ¯A(q
⊥| − P)GΣ(q +
P
2
)ΓA(q
⊥|P)
]
= 2ωA (A.18)
The orresponding Green funtion of the biloal field takes form
G(q⊥, p⊥|P) =
∑
H
{
ΓH(q
⊥|P)Γ¯H(p⊥| − P)
(P0 − ωH − iε)2ωH −
ΓH(q
⊥| − P)Γ¯H(p⊥|P)
(P0 − ωH − iε)2ωH
}
. (A.19)
The Bethe  Salpeter field Γ(q⊥,P) is onneted with the wave funtion by the relation (see [20, 21℄)
Φab(q
⊥,P) = i
2π
∫ [P · dq
MA
] [
GΣa(q + P/2)Γ(q⊥,P)GΣb(q − P/2)
]
(A.20)
In the nonrelativisti limit in the frame n = n(cf) = (1, 0, 0, 0) this wave funtion redues to the
Shrodinger one (A.22)
ΦαβA (~q,MA) =
(
1 + γ0
2
γ5
)αβ
ΨSch(~q)
√
MA
4
(A.21)
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satisfying the standard Shrodinger equation(
− 1
2µ
d2
d~z2
+ V (~z)
)
ΨSch(~z) = ǫΨSch(~z) (A.22)
where ΨSch(~z) =
∫ d3q
(2π)3
e(i~q~z)ΨSch(~q) is a normalizable wave funtion (
∫
d3z‖ ΨSch(z) ‖2 = 1) in a
omoving frame Pµ = (MA, 0, 0, 0); here MA = (Mp + me − ǫ) is the mass of an atom, Mp,me are
masses of proton and eletron, µ = Mp ·me/(Mp +me) is the redued mass, and zk = (x − y)k are
relative oordinates.
A.2. S-matrix elements
The next step is the onstrution of the relativisti ovariant S-matrix elements onsidered as
probability amplitude transitions between the all asymptoti states. These states inludes bound
states given by the spetral equation (36) and all Lorentz transformations of the omoving frame
distinguished by the time-axis n(cf). The Lorentz transformations of the time-axis n(cf) → n(ID) mean
the hanges of the initial data (ID) of the bound states, i.e. their total momenta PAµ = MAn(ID)µ .
These bound states orrespond to the instantaneous interation with a new time-axis n(ID)
K(x, y | n(ID)) = /n(ID)V (zµ − n(ID)µ z · n(ID))δ(z · n(ID))/n(ID). (A.23)
One an see that in the spae of the biloal fields (A.15) this unit time-axis n(ID) is proportional to an
eigenvalue of the total momentum operator (i.e. the derivative with respet to total oordinate)
n(ID)µ M(z|X) ∼
1
i
∂
∂Xµ
M(z|X) (A.24)
in agreement with the Markov  Yukawa definition of the relativisti simultaneity in terms of biloal
fields M(z|X) ≡M(x, y) [43℄
zµ
∂
∂Xµ
M(z|X) = 0 . (A.25)
Reall that this Markov  Yukawa definition [43℄ of the relativisti simultaneity in terms of biloal
fields has a deeper mathematial meaning as a onstraint of irreduible nonloal representations of the
Poinare group [9℄ for an arbitrary biloal field M(x, y) =M(z|X) [20, 44℄.
The relativisti ovariant onstraint-shell quantization gives both the spetrum of bound states
and their S-matrix elements.
Using the deomposition over the bound state quantum numbers (H)
Φ˜H(ab)(q
⊥|P) = GΣa(q + P/2)ΓH(ab)(q⊥|P), (A.26)
we an write the S-matrix elements for the interation W (n) (A.13) between the vauum and n bound
states
< H1P1, ...,HnPn|iW (n)|0 >= −i(2π)4δ4
(
n∑
i=1
Pi
)
n∏
j=1
[
1
(2π)32ωj
]1/2
M (n)(P1, ...,Pn) (A.27)
M (n) =
∫
id4q
(2π)4n
∑
{ik}
Φ˜a1,a2Hi1
(q|Pi1)Φ˜a2,a3Hi2 (q −
Pi1 + Pi2
2
|Pi2)Φ˜a3,a4Hi3
(
q − 2Pi2 + Pi1 + Pi3
2
|Pi3
)
...Φ˜an,a1Hin
(
q − 2(Pi2 + ...+ Pin−1) + Pi1 + Pin
2
|Pin
)
,
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where {ik} denotes permutations over ik; the amplitude < H1P1, ...,HlPl|iW (n)|Hl+1Pl+1, ...,HnPn >
an be obtained by the hange of the momentum signs Pl+1, ...,Pn → −P l+1, ...,−Pn.
Expressions (A.15), (A.19), (A.26), (A.27) represents Feynman rules for the onstrution of a
quantum field theory with the ation (A.11) in terms of biloal fields.
It was shown [45℄ that this quantum field theory with a separable potential of the instantaneous
interation leads to the well-known Nambu Jona-Lasinio model [48, 49℄ and the phenomenologial
hiral Lagrangians [36℄ used for the desription of the low-energy meson physis.
In the ontext of the Dira approah to gauge theory, to solve the problem of hadronization in
QCD, one needs to answer the following questions: i) What is the origin of the separable potential
of hadronization in the non-Abelian theory? ii) How to ombine the Shrodinger equation for heavy
quarkonia (that is derived by the residuum of poles of the quark Green funtions) with the quark
onfinement? iii) What is the origin of the additional mass of the ninth pseudosalar meson?
Appendix B: Instantaneous interations in QCD
B.1. QCD ation and monopole vauum
QCD was proposed [50℄ as the non-Abelian SUc(3) theory with the ation funtional
W =
∫
d4x
{
−1
4
F aµν
2 + ψ¯[iγµ(∂µ + Aˆµ)−m]ψ
}
, (B.1)
where ψ and ψ¯ are the fermion quark fields, Aˆµ = g
λa
2iA
a
µ ,
F a0i = ∂0A
a
i −Dabi (A)Ab0 , F ajk = ∂jAak − ∂kAaj + gfabcAbjAck = ǫijkBai (B.2)
are non-Abelian gluon eletri and magneti tensions, and
Dabi (A) = δ
ab∂i + gf
acbAci (B.3)
is the ovariant derivative. The ation (B.1) is invariant with respet to gauge transformations u(t, ~x)
Aˆuµ(x0, ~x) = u(x0, ~x)
(
Aˆµ + ∂µ
)
u−1(x0, ~x), ψu = u(x0, ~x)ψ . (B.4)
The lass of funtions with finite energy density inludes the monopole - type funtions Ai ∼ O(1/r)
like the Coulomb potential.
The asymptoti freedom phenomenon is onsidered as one of the arguments in favor of that the
standard perturbation theory in QCD is unstable [55, 56℄. One of andidates of the stable vaua in
the Minkowskian spae-time is the stationary monopole - type solution of the lassial equation
Aˆvacuum0 (x0, ~x) = 0, Aˆ
vacuum
k (x0, ~x) = Φˆk(0, ~x) = −i
λaA
2
ǫiak
xk
r2
f(r), (B.5)
where the antisymmetri SU(3) matries λaA are denoted by λ
1
A := λ
2, λ2A := λ
5, λ3A := λ
7
, and
r = |~x|, the vauum field ontains only one funtion f(r).
In the following we disuss the SU(2) ase λaA → τa, (a = 1, 2, 3) [21℄. In this ase, the lassial
equation for the funtion f in Eq. (B.5) takes the form
Dabk (Φi)F
b
kj(Φi) = 0 ⇒
d2f
dr2
+
f(f2 − 1)
r2
= 0 . (B.6)
We an see three solutions of this equation f1 = 0, f2 = +1, f3 = −1 (r 6= 0). The first solution
orresponds to the naive unstable perturbation theory. Two nontrivial solutions are the Wu-Yang
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monopoles [57℄ applied to the onstrution of physial variables in [58℄. The Wu-Yang monopole is
a solution of the lassial equations everywhere besides the origin of the oordinates r = 0. The
orresponding magneti field is Bai (Φ
(0)
k ) = x
axi/(gr4). Following Wu and Yang [57℄, we onsider the
whole finite spae volume, exluding an ǫ-region around the singular point. To remove a singularity at
the origin of oordinates and regularize its energy, the Wu-Yang monopole is onsidered as an infinite
volume limit (V0 →∞) of the Bogomol'nyi-Prasad-Sommerfield (BPS) monopole [59℄
fWY = 1 =⇒ fBPS =
[
1− r
ǫ sinh(r/ǫ)
]
(B.7)
with the finite energy
∫
d3x[Bai (Φk)]
2 ≡ V0 < B2 >= 4π/(g2ǫ) ≡ 1/(αsǫ) determining the finite
volume regularization of the monopole size ǫ = [αsV0 < B
2 >]−1. The vauum energy-density of the
monopole solution < B2 > is removed by a finite ounter-term in the Lagrangian.
The olor partile exitations Aa(rad)µ
Aˆ0(x0, ~x) = Aˆ(rad)0 (x0, ~x), Aˆk(x0, ~x) = Φˆk(~x) + Aˆ(rad)k (x0, ~x). (B.8)
are onsidered as weak deviations in the vauum bakground (B.5) by analogy with the Dira radiation
variables in QED (13), (14) with the onstraint Dabk (Φi)Ab(rad)k (A) ≡ 0 and the Gauss law
∆ab(Φ)Ab(rad)0 = −ja(rad)t0 , (B.9)
where ∆ab(Φ) = [D2i (Φk)]
ab
is the Laplaian in the vauum bakground, and j
a(rad)
t0 is the total olor
urrent.
The ation an be expressed in terms of the radiation - type variables [21℄
SQCD| δSQCD
δA0
=0
≡ S(rad)QCD =
∫
d4x
[
1
2
A
a(rad)
k G
ab
ki
−1
A
b(rad)
i +A
(rad)
k j
(rad)
k
]
(B.10)
+(ψ(rad)ψ¯(rad, Gm)− 1
2
∫
dx0d3xd3yj
a(rad)
t0 (x)V
ab(x− y)jb(rad)t0 (y) + ...+ Ssoc.(η(rad, η¯(rad),
where
Ssoc.(η
(rad, η¯(rad) =
∫
d4x
[
η¯(rad)ψ(rad) + ψ¯(rad)η(rad)
]
(B.11)
is the soure ation, Gabki and Gm are the Green funtions of the gluon and quark in the bakground
field Φak,
V ab(~z) = −z
a(z)zb(z)
|~z|2
1
4π|~z| +
∑
α=1,2
eaα(z)e
b
α(z)
(
d−|~z|l− + d+|~z|l+
)
is the potential [21, 60℄ onsidered as the Green funtion
[∆ab(Φ(~z))]V bc(~z) = δacδ3(~z); (B.12)
here ~z = ~x− ~y, eaα(z) are a set of orthogonal vetors in olor spae zaeaα(z) = 0, d± are onstants, and
l+, l− an be found as roots of the gold setion equation l2 + l = 1:
l+ = −1 +
√
5
2
≈ −1.618 ; l− = −1 +
√
5
2
≈ 0.618 . (B.13)
The solution of the set of Shwinger  Dyson and Bethe  Salpeter equations for the rising potential
was onsidered in numerous papers, where the effet of spontaneous hiral symmetry breaking was
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desribed (see [20, 21, 61℄). Therefore, this Green funtion ontains the rising potential as the origin
of the 'hadronization' of quarks and gluons in QCD [61℄.
The Wigner  Markov  Yukawa relativisti generalization of the instantaneous interation in this
ase an lead to the biloal theory with the spontaneous hiral symmetry breaking in the low-energy
limit with the effetive hiral Lagrangian one [34, 35℄.
B.2. Zero mode of Gauss' onstraint
The BPS - type regularization (B.7) of the monopole vauum is interesting by the existene of a
nonzero solution of homogeneous equation
[∆ab(Φ)]Za = 0 (B.14)
of the type of the BPS solution [59℄
Zˆ(~x) = −iπ τ
axa
r
fBPS0 (r) , f
BPS
0 (r) =
[
1
tanh(r/ǫ)
− ǫ
r
]
. (B.15)
The omplete solution of the Gauss equation (B.9), in this ase, is the sum of a solution of the
homogeneous equation (B.14) and a solution of the nonhomogeneous equation:
Aa(rad)0 (~x) = c(x0)Za −
∫
d3yV bc(~x− ~y)jb(rad)0 (~y), (B.16)
where c(x0) is the zero mode variable.
The BPS vauum model gives the possibility to ompare the radiation variables in the ation (B.10)
with the set of the Dira - type variables removing the field A0 by the gauge transformations
Φ
(D)
k = U
(D)[Φ
(rad)
k + ∂k]U
(D)−1,
A(D)l = U (D)[A(rad)k ]U (D)
−1
, (B.17)
ψ(D) = U (D)ψ(rad),
where
U (D) = exp
{∫ x0
dx¯0c(x¯0)Zˆ(~x)
}
≡ exp{N(x0)Zˆ(~x)}. (B.18)
The Dira variables (B.17) (dressed by the zero mode phase fator) differ from the radiation ones in
the ation (B.10). The differenes are Abelian U(1) anomaly and the new gauge of physial soures
Ssoc.(η
(D, η¯(D) =
∫
d4x
[
η¯(D)ψ(D) + ψ¯(D)η(D)
]
(B.19)
as onsequenes of the gauge transformations (B.17).
The zero mode of the Gauss onstraint (B.14) leads to the vauum eletri tension [62, 63℄
F a0ivac = c(x0)D
ab
i (Φ)Zb ≡ N˙ Dabi (Φ)Zb (N˙ = ∂0N). (B.20)
The BPS monopole eletri tension is proportional to the vauum magneti one. If we hoose the
oeffiient of the proportionality as
Dabi (Φ)Zb = Bai (Φ)
α2s
(2π)2
1
V0 < B2 >
(
g2
4π
≡ αs
)
, (B.21)
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the zero mode c(x0) = N˙ an be identified with a variable given by the winding number funtional
ν =
g2
16π2
x0out∫
x0in
dx0
∫
d3xF aµν F˜
aµν =
αs
2π
∫
d3xDabi (Φ)ZbBbi (Φ)
x0out∫
x0in
dx0N˙ = N(x0out)−N(x0in)
showing that N an interpolate between different lassial vaua like an instanton [51℄11
N(x0out) = nout, N(x
0
in) = nin. (B.22)
The equations (B.20) and (B.21) lead to the vauum ation of the zero mode dynamis
WQCD =
∫
dx0
∫
V0
d3x
1
2
(F a0ivac)
2 =
∫
dx0
N˙2
2
(
2π
αs
)2 1
V0 < B2 >
. (B.23)
As we pointed out above, one of onsequenes of the dressed variables (B.17) is the appearane of the
Abelian anomaly [49℄ in the effetive meson ation obtained by the bosonization of QCD of the type
of (A.11)
Weff =
∫
dx0
{
1
2
(
η˙20 −m20η20
)
V0 + Cηη0N˙
}
(B.24)
in the pseudosalar η0 meson isosinglet hannel, where Cη =
Nf
Fπ
√
2
π
,Nf = 3 is the number of flavors,
and Fπ = 92 MeV is the weak deay oupling. This ation is known as the Veneziano one [64℄.
The diagonalization of the total Lagrangian supplemented by the ation (B.23) leads to an ad-
ditional mass of the pseudosalar η0 meson △mη2 =
N2f
F 2π
α2s < B
2 >
2π2
[21℄. This result allows us to
estimate the value of the vauum hromomagneti field in QCD [65℄
< B2 >=
2π3F 2π△mη2
N2fα
2
s
=
0.06GeV 4
α2s
.
After alulation we an remove infrared regularization V0 →∞.
Thus, there are observational arguments in favor of that physial fields are identified with the
dressed one (B.17). However, the gauge of dressed soures (B.19) differ from the radiation ones (B.11)
by the phase fators (B.18) depending on the winding number variable N . The initial position of
winding number variable N are degenerated like the U(1) initial data eix(in) = 1, x(in) = 2πk, where k
is an integer number. The phase fators (B.18) are determined within the matrixes v(n)(~x) = enZˆ(~x),
where n is an integer number whih ounts how many times a three-dimensional path v(n)(~x) turns
around the SU(3)-manifold when the oordinate xi runs over the spae where it is defined. Even, if we
hoose the zero eletri monopole energy fixing the zero momentum PN = 0, N(in) = 0, we do not know
a position of winding number variable due to this topologial degeneration of all physial states with
respet to the phase fator (B.17) U (D) = enZˆ(~x), n = 0,±1,±2, .... Therefore, the reation amplitude
of the dressed olor partiles ψ(D) = ψ(rad)UD should be averaged over all degenerated states
1
2L
n=+L∑
n=−L
< vauum|ψ(rad)UD|q >= e
iωx0
(in)
(2π)3/2
√
2ω
1
2L
n=+L∑
n=−L
enZˆ(~x) = 0, (B.25)
11
In this ase, the monopole interpolation amplitude exp{iPN [N(x0out)−N(x0in)]} oinides with the instanton
one exp{−8π
2
g2
(nout − nin)} for a nonphysial value of the momentum PN = i8π
2
g2
.
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where |q > is the Dira one-partile state (B.17) with a quantum number q. Averaging over all
parameters of the topologial initial data an lead to a omplete destrutive interferene of all olor
amplitudes [62℄ and the zero probability amplitude of reation of olor quarks or gluons; whereas
their radiation propagators have poles like the propagators of eletron and photons and the olorless
amplitudes of the type of the urrent prodution < jDaµ j
Da
ν >=< j
(rad)a
µ j
(rad)a
ν > do not disappear. In
this ase, only olorless (hadron) states have to form a omplete set of physial states.
Disappearane of olor physial states due to the topologial degeneration (B.25) an be onsidered
as olor onfinement, ompatible with the quark  hadron duality as the aepted method of analysis
of observational data [24℄.
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